In this study we demonstrate that cytokine production by both human peripheral blood mononuclear cells and murine macrophages is dependent on the recognition of ␤-glucans by dectin-1. Heat killing of C. albicans resulted in exposure of ␤-glucans on the surface of the cell wall and subsequent recognition by dectin-1, whereas live yeasts stimulated monocytes mainly via recognition of cell-surface mannans. Dectin-1 induced cytokine production through the following 2 pathways: Syk-dependent production of the T-helper (Th) 2-type anti-inflammatory cytokine interleukin-10 and Toll-like receptor-Myd88 -dependent stimulation of monocyte-derived proinflammatory cytokines, such as tumor necrosis factor-␣. In contrast, stimulation of Th1-type cytokines, such as interferon-␥, by C. albicans was independent of the recognition of ␤-glucans by dectin-1. In conclusion, C. albicans induces production of monocyte-derived and T cell-derived cytokines through distinct pathways dependent on or independent of dectin-1.
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Understanding the mechanisms through which the host immune system recognizes and eliminates pathogens has become increasingly important because a new resurgence of infectious diseases has occurred, owing to the increased impact of immunocompromising medical treatments (e.g., chemotherapy and transplantation surgery), as well as the global AIDS pandemic. Invasive Candida albicans infections are a serious clinical threat in patients who are immunosuppressed and those who have undergone major surgical procedures, with mortality reaching 30%-40% despite the availability of new classes of antifungal drugs [1, 2] . Thus, new therapies for fungal infection are urgently needed, and adjunctive immunotherapy is one promising yet unfulfilled treatment strategy.
Much has been done to elucidate the host defense mechanisms against systemic candidiasis. The importance of phagocytosis and the elimination of C. albicans by cells of the innate immune system, especially neutrophils, monocytes, and macrophages [3] [4] [5] [6] , as well as the modulation of the activity of these cells by proinflammatory and anti-inflammatory cytokines, has been firmly established [7] [8] [9] . Recently, it has been shown that recognition of microbial structures, referred to as "pathogen-associated molecular patterns," by patternrecognition receptors (PRRs) is essential for the effective activation of host defense mechanisms in general and for production of cytokines in particular. Earlier studies by our group and by others described the role of several PRRs in recognizing components of the C. albicans cell wall, including mannans by mannose receptor (MR) and mannoproteins by Toll-lie receptor (TLR) 4 [10 -15] , phospholipomannan (PLM) by TLR2 [16] , and ␤-mannosides by galectin-3 [17] . ␤(1,3)-glucans and ␤(1,6)-glucans are important structural components of the C. albicans cell wall, and recent work has described dectin-1 as the C-type lectin PRR responsible for their recognition [18] . Several studies have established the capacity of dectin-1 to recognize ␤-glucans if zymosan is present [19, 20] . However, recent studies have generated contrasting evidence for the importance of dectin-1 in anticandidal host defenses in mice [21, 22] . Little is known about the relative importance of ␤-glucan recognition by dectin-1 for the activation of host defense mechanisms by C. albicans in primary cells of the innate immune system in humans.
In previous studies, we demonstrated that O-linked and N-linked mannans of the cell surface of C. albicans were immunostimulatory molecules [14] . It has also been shown that disruption of the integrity of the native cell wall by heat killing or deletion of glycosylation genes led to enhanced signaling in leukocytes via dectin-1 [14] . We therefore set out to establish the relative contribution of these various immunostimulatory pathways in intact, live cells and in heat-killed cells. In addition, we aimed to establish whether recognition of ␤-glucan by dectin-1 is a nonredundant pathway for C. albicans-associated stimulation of cytokine production in human peripheral blood mononuclear cells (PBMCs). It was recently demonstrated that dectin-1 engagement induces cell activation through 2 independent pathways. One pathway involves amplification of TLRMyD88 -dependent signals; a second, TLR-independent mechanism relies on signals transmitted through the Syk-adaptor molecule. A further aim of the study was to evaluate the differential involvement of these 2 activation pathways in C. albicansinduced stimulation of proinflammatory and anti-inflammatory cytokine production.
METHODS
C. albicans strains and growth conditions. C. albicans strain CAI-4 was shaken at 200 rpm at 30°C in Sabouraud broth (1% mycological peptone and 4% glucose) overnight, transferred to fresh medium, and incubated for 4 h. The cells were harvested by centrifugation, and the pellets were washed twice in 20 -L sterile PBS and resuspended to a density of 1 ϫ 10 8 cells/mL before heat killing at 56°C for 30 min. In separate experiments, live C. albicans were washed, resuspended in RPMI 1640 at a concentration of 1 ϫ 10 6 cfu/mL, and used for the stimulation of cytokine production. To create ultraviolet (UV) radiation-killed C. albicans, cells were grown and processed as described above and then exposed in a thin liquid suspension to 4 doses of UV radiation (100 mJ/cm 2 ) in a UV-DNA crosslinker. To create heatkilled C. albicans, cells were grown and processed as described above and then stored at 56°C for 30 min.
Animals. Dectin-1 knock-out (dectin-1 Ϫ/Ϫ ) mice were generated as described elsewhere [21] . All mice weighed 20 -25 g and were 6 -8 weeks old. The mice were fed sterilized laboratory chow and water ad libitum. The experiments were approved by the ethics committee on animal experiments of Cape Town University. Antibodies. The monoclonal anti-TLR4 HTA125 antibody was kindly provided by Dr. Kensuke Miyake (Saga Medical School). The monoclonal mouse antihuman MR antibody and the isotype-matched IgG antibody used as control in all experiments were purchased from Sigma. Glucan phosphate, a specific inhibitor of dectin-1, was kindly provided by Dr. David Williams (University of Tennessee).
Stimulation of cytokine production in human PBMCs. PBMCs were isolated as described elsewhere [23] . A 100-L volume of PBMCs (concentration, 5 ϫ 10 5 PBMCs/mL) was added to round-bottomed 96-well plates (Greiner) and incubated with 100 L of live, UV radiation-killed, or heat-killed C. albicans (concentration, 1 ϫ 10 6 yeast cells/mL), unless otherwise indicated. In receptor-blocking studies, PBMCs were preincubated for 1 h at 37°C with 10 g/mL of either glucan phosphate or 1 of 3 monoclonal antibodies (anti-TLR4, anti-MR, and control IgG) before stimulation with C. albicans. In addition, 50 nmol/L of 3-(1-methyl-1H-indol-3-yl-methylene)-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide (Calbiochem) was used for the pharmacological inhibition of Syk in cytokine-stimulation assays. After incubation at 37°C for 24 h (durations varied between 2 and 48 h in the kinetics experiments), the PBMC-C. albicans suspensions were centrifuged; supernatants were collected and stored at Ϫ70°C until assayed. Human tumor necrosis factor (TNF)-␣ concentrations were determined by specific radioimmunoassays as described previously [24] . Interleukin (IL)-6, IL-10, and interferon (IFN)-␥ concentrations were measured by commercial ELISA kits (Pelikine Compact; Sanquin).
Cytokine production by murine peritoneal macrophages. Resident peritoneal macrophages from the dectin-1 -/-and control mouse strains were harvested by injecting 4 mL of sterile PBS containing 0.38% sodium citrate [25] . After centrifugation and washing, the cells were resuspended in RPMI 1640. Cells were cultured in 96-well plates and stimulated with 100 L of the various C. albicans strains (concentration, 1 ϫ 10 6 yeast cells/mL) for 24 h at 37°C [24] . Murine TNF-␣ was determined by a specific radioimmunoassay (lower limit of detection, 20 pg/mL) [26] .
Statistical analyses. Two experiments, each involving triplicate samples of PBMCs obtained from distinct groups of 8 volunteers, were performed. The differences between groups were analyzed by the Mann-Whitney U test. The level of significance between groups was taken as P Ͻ .05. The data are given as mean values Ϯ SD.
RESULTS
Differential stimulation of cytokine production by heat-killed, UV radiation-killed, and live C. albicans. It has been sug-gested that heat killing of C. albicans results in exposure of ␤-glucans on the surface of the cell wall [27] . We investigated the differential induction of cytokines by live and heat-killed C. albicans and the role played by ␤-glucans in these processes. Heatkilled C. albicans induced significantly greater levels of TNF-␣ (figure 1A), IL-6 (figure 1B), IL-10 (figure 1C), and IFN-␥ (figure 1D) than live C. albicans did, as shown by the dosedependent production of cytokines by freshly recovered human PBMCs. The kinetics of cytokine production did not differ between live and heat-killed C. albicans, and at all time points, the absolute levels of TNF-␣ and IL-6 released by PBMCs after stimulation with live C. albicans were 5%-20% of the levels induced by heat-killed yeasts (P Ͻ .01). For both live and heat-killed cells, the TNF-␣ concentration peaked after stimulation for 8 -24 h, and then levels decreased sharply, whereas the IL-6 level increased during the same period of stimulation, plateauing after 24 -48 h. UV radiation-killed yeasts induced less TNF-␣ production than did heat-killed C. albicans after 24 h of stimulation (2.4 Ϯ 0.3 vs. 8.2 Ϯ 1.2 ng/mL), but these levels were significantly higher than that in live C. albicans (0.9 Ϯ 0.2 ng/ mL; P Ͻ .05).
Role of dectin-1 in the recognition of C. albicans by human PBMCs. To investigate whether the differences in cytokine stimulation between live and heat-killed C. albicans were due to differential recognition of ␤-glucan, we blocked dectin-1 recognition by preincubating PBMCs with excess glucan phosphate before exposure to C. albicans. Blocking of dectin-1 recognition strongly suppressed production of TNF-␣, IL-6 (figure 2A), and IL-10 (115 Ϯ 34 pg/mL in control cells vs. 42 Ϯ 23 pg/mL in cells preincubated with glucan phosphate; P Ͻ .05) in PBMCs exposed to heat-killed C. albicans; no such suppression was observed in PBMCs exposed to live C. albicans. In contrast, blocking of dectin-1 recognition did not significantly influence the production of IFN-␥ in PBMCs exposed to heat-killed C. albicans (366 Ϯ 121 in control cells vs. 330 Ϯ 98 pg/mL in cells preincubated with glucan phosphate; P Ͼ .05), suggesting that dectin-1 plays little role in the stimulation of this Th1 cytokine. Similar to the stimulation observed in human cells, a greater level of TNF-␣ was produced by mouse peritoneal macrophages exposed to heat-killed C. albicans, compared with those exposed to live yeast cells. In addition, dectin-1 Ϫ/Ϫ macrophages produced fewer cytokines than did dectin-1 ϩ/ϩ cells when stimulated with heat-killed C. albicans; no such difference was observed after stimulation with live C. albicans ( figure 2B ).
In the presence of the dectin-1 blockade, levels of TNF-␣ and IL-6 induced by heat-killed C. albicans were the same as those induced by live yeasts, demonstrating that the increased induction of TNF-␣ and IL-6 by heat-killed C. albicans was entirely due to the interaction between ␤-glucan and dectin-1. Consequently, the importance of TLR4 and MR in the recognition of live C. albicans was greater than their importance in the recognition of heat-killed yeast cells and LPS-stimulated cells (positive control) ( figure 2C ). These data demonstrate that recognition of live C. albicans is based mainly on TLR4 and MR, whereas heat-killed C. albicans is also recognized by these 2 receptors but with an increased role for dectin-1-mediated recognition.
Differential stimulation of IL-6, IL-10, and TNF-␣ by dectin-1 through Syk-dependent and Syk-independent mechanisms. The effects of dectin-1 are induced by the adaptor molecule Syk [28] or mediated by the interaction between dectin-1 and the TLR2-MyD88 pathway [19, 20] . Although dectin-1 inhibition by glucan phosphate significantly inhibited production of all analyzed cytokines except, notably, IFN-␥, pharmacological inhibition of Syk only modulated IL-6 and IL-10 production and did not inhibit synthesis of TNF-␣ induced by heat-killed C. albicans (figure 3). Syk inhibition had no significant effect on TNF-␣ production in cells stimulated with live C. albicans (TNF-␣ level, 345 Ϯ 88 pg/mL in Syk-inhibited cells vs. 411 Ϯ 104 pg/mL in control cells; P Ͼ .05). Similarly, no effect of Syk inhibition on C. albicans-induced IFN-␥ production was observed, consistent with the absence of the effect of dectin-1 blocking on IFN-␥ synthesis. These data imply that, although the interaction between dectin-1 and C. albicans ␤-glucans stimulates production of both proinflammatory and anti-inflammatory cytokines, the cellular pathway involved in induction of TNF-␣ (a Sykindependent pathway) differs from that for induction of IL-6 and IL-10 (a Sky-dependent pathway). aTLR4), and anti-MR antibody (aMR), respectively. TNF-␣ levels in PBMCs stimulated with LPS in growth medium were included as a control. All results are pooled triplicate data from 2 separate experiments, with a total of 6 volunteers per group. LPS, lipopolysaccharide. Whisker bars, SDs. *P Ͻ .05; **P Ͻ .01.
DISCUSSION
In this study, we demonstrated that recognition of C. albicans ␤-glucans by dectin-1 is important for efficient recognition of C. albicans and subsequent activation of the cytokine response. Although earlier studies demonstrated that dectin-1 is the main ␤-glucan receptor, we are the first to show that the ␤-glucandectin-1 pathway is a nonredundant recognition mechanism for mediating cytokine stimulation in human primary PBMCs after stimulation by C. albicans and that this pathway is not compensated by alternative recognition mechanisms (e.g., by TLRs or other lectin-like receptors, such as MR or DC-SIGN). In addition, we demonstrated that cytokine production induced by dectin-1 is mediated through both Syk-dependent and Sykindependent pathways.
The studies to date on the recognition of ␤-glucans by dectin-1 have used zymosan as a stimulus of cytokine production. Zymosan is a product of the cell wall of Saccharomyces cerevisiae, which is composed of ␤(1,3)-glucans and ␤(1,6)-glucans but also contains ␣-mannans and mannoproteins. Cytokine stimulation by zymosan relies on ␤(1,3)-glucan recognition by dectin-1, which in turn amplifies TLR2 signals induced by an as yet unidentified ligand [19, 20] . Pathways other than those mediated by TLR2 were suggested in 2 recent studies, which showed that dectin-1 can also independently induce IL-2 and IL-10 synthesis through a Syk-CARD9 -dependent mechanism [28, 29] . Although the importance of ␤-glucan recognition by dectin-1 for zymosan-induced cytokines has been established in overexpression experiments involving cell lines and murine cells from genetically modified mice, the present study extends this work by demonstrating that ␤-glucan-dectin-1 interaction is important for the recognition of C. albicans by human primary PBMCs.
The cell wall of C. albicans is a complex and dynamic structure consisting of a skeletal layer of chitin and ␤-glucans embedded in a matrix of mannoproteins and PLM [30] . It is conceivable that if one component of the cell wall is not recognized, alternative recognition mechanisms based on other pathogenassociated molecular patterns might compensate, especially in the case of primary cells that express multiple receptor complexes. In the present study, we demonstrated that this is not the case for dectin-1 recognition of ␤-glucans. When dectin-1 recognition was blocked by a specific antagonist (i.e., glucan phosphate) in human PBMCs or because of genetic modification in mice, stimulation of the proinflammatory cytokines TNF-␣ and IL-6 and the anti-inflammatory cytokine IL-10 by heat-killed C. albicans was strongly suppressed. This demonstrates that dectin-1 is a nonredundant pathway for C. albicans recognition in humans. Although this was true for heat-killed or UV radiation-killed C. albicans, live yeast cells stimulated cytokine production through a dectin-1-independent pathway via TLR4 and MR [14] . These findings further support a recent report showing that ␤-glucans of live yeasts are normally masked by a mannan-mannoprotein layer, precluding recognition by dectin-1 [27, 31] .
These data have important consequences for understanding the way in which C. albicans is recognized by and stimulates cells of the innate immune system and for understanding the pathophysiology of fungal infections. On one hand, we demonstrated that exposure of ␤-glucans and their recognition by dectin-1 amplifies the cytokine production induced by C. albicans. We also confirmed that mannans have a dominant immunostimulatory role for live C. albicans [14] . It is conceivable that a similar phenomenon takes place in infected organs, where yeast cells elicit and progressively enhance the proinflammatory response because of increased exposure of ␤-glucans during the progressive digestion of the cell wall by phagocytes. It is known that ␤-glucans are released during invasive candidiasis, and detection of ␤-glucans released into the circulation is used as a diagnostic marker [32, 33] . Recent in vivo studies involving dectin-1 Ϫ/Ϫ mice have suggested an increased susceptibility to disseminated candidiasis [21] , supporting the hypothesis that recognition of ␤-glucan fragments released during infection contributes to the activation of host defense. In addition, the important ␤-glucaninduced stimulatory effect on cytokine production may also suggest the potential of ␤-glucans as adjuvants for fungal vaccines, a therapeutic approach that is currently being studied.
Initial studies have proposed that dectin-1 stimulates cytokine production through amplification of the TLR2 signaling pathway [19, 20] . However, the presence of an immunoreceptor tyrosinebased activation motif in the intracellular domain of dectin-1 suggests that dectin-1 may also induce TLR-independent signals. Indeed, recent studies have demonstrated TLR-independent stimulation of IL-2 and IL-10 production by ␤-glucan via a pathway involving Syk and CARD9 [28] . When we stimulated the cells with either live or heat-killed C. albicans, we observed that Syk inhibition had a differential effect on cytokine production. Although Syk inhibition did not influence cytokine production induced by live C. albicans, which is consistent with the lack of ␤-glucan recognition, it did significantly influence cytokine release induced by heat-killed cells. However, although inhibition of the Syk pathway only decreased the production of IL-6 and IL-10, the presence of Syk inhibitor did not influence stimulation of TNF-␣ by C. albicans. However, blockade of dectin-1 with glucan phosphate reduced TNF-␣ production. These data suggest that, although all of the cytokines we analyzed were induced by dectin-1 recognition of ␤-glucan, different pathways lead to stimulation of different cytokines. Release of IL-6 and IL-10 is mediated by dectin-1-Syk signals, whereas the induction of TNF-␣ by dectin-1 is Syk independent and may be mediated through amplification of TLR pathways. These findings open up new therapeutic possibilities involving the inhibition of cytokines that may have deleterious effects in certain stages of disease (e.g., specific Syk-dependent blockade of IL-10 production in patients with immunoparalysis due to prolonged systemic candidiasis).
Another interesting finding related to the role of ␤-glucan recognition by dectin-1 involves the induction of the Th1 cytokine IFN-␥. Although heat-killed C. albicans induced greater IFN-␥ production than did live yeasts, this production was independent of dectin-1 blockade and Syk inhibition, demonstrating that dectin-1 has no apparent role in the induction of this Th1-type cytokine by C. albicans. Other structures of the C. albicans cell wall are therefore likely responsible for IFN-␥ induction, and our earlier experiments suggested an important role of mannans and mannoproteins for this effect [14] .
In conclusion, the present study demonstrates that recognition of C. albicans ␤-glucan by dectin-1 activates a nonredundant recognition pathway that has an important role in cytokine-mediated stimulation and activation of host defenses. Recent studies involving dectin-1-deficient mice also showed the crucial role played by dectin-1 recognition of ␤-glucans [21, 22] , although they differed in their conclusions regarding the in vivo role of dectin-1 during infections with fungal pathogens, such as C. albicans and Pneumocystis carinii [21, 22] . In contrast, in live cells, mannans assume an important role in immune recognition by PBMCs. However, killing of C. albicans with subsequent exposure of ␤-glucans is necessary for strong dectin-1-mediated stimulation of cytokine production, and differential dectin-1-dependent pathways are involved in stimulating the release of proinflammatory and anti-inflammatory cytokines. Although amplification of TLR2 signals by dectin-1 has been described earlier, further studies are needed to evaluate whether interactions occur between dectin-1 and other PRRs (e.g., TLR4 and MR), especially in the context of complex recognition of the intact fungal cells by primary immune cells.
